Photopolymer materials are practical materials for use as holographic recording media. In order to further develop such materials, a deeper understanding of the photochemical mechanisms present during the formation of holographic gratings in these materials has become ever more crucial. This is especially true of the photoinitiation process, which has already received much attention in the literature. Typically the absorption mechanism varies with exposure time. This has previously been investigated in association with several effects taking place during recording. Since holographic data storage requires multiple short exposures, it is necessary to verify the temporal change in photosensitizer concentration. Post exposure effects have also been discussed in the literature; however, they do not include post exposure effects such as the photosensitizer recovery. In this paper we report experimental results and theoretical analysis to examine the effects of the recovery and bleaching mechanisms which arise during exposure.
INTRODUCTION
The storage capabilities of photopolymer materials are under constant study due to their ability to record low loss, highly diffraction efficient volume holographic gratings. These self-processing materials are inexpensive and offer characteristics, which make them suitable for commercial use. To obtain the full potential of these materials requires quantitative insight into the processes present during recording. Developing accurate theoretical models, which are validated using reproducible experimental data sets, will allow crucial material parameters to be indentified and controlled.
A study of the photochemical kinetics involved during holographic recording in our polyvinylalcohol/acrylamide (PVA/AA) based photopolymer material 1 is presented here. Specifically, we aim to increase our understanding of what takes place inside the material during exposure, i.e., to explain the effects of the variation of the absorbance of the photosensitive dye [2] [3] [4] by taking account the effects of photosensitizer bleaching and recovery. Thus, we aim to further develop the rate equation which describes the behaviour of the photosensitizer concentration. This paper is organized as follows: In Section 2, we begin by discussing the photochemical rate equations which determine the photoinitiation mechanisms present during grating formation, and we then incorporate the temporal effects of absorption during exposure. A flow chart is presented, which succinctly summarizes the photochemical reactions, which take place during grating recording. In Section 3, we examine the photosensitive dye absorption behaviour experimentally. Work done on extending the analysis of the recovery and bleaching processes in Sections 3.1 and 3.2 are presented. *Corresponding Author: john.sheridan@ucd.ie Then, the developed model is fit to experimentally obtained results using a least squares fitting algorithm. These fits tend to support the assumptions made in deriving our equations. Estimations of parameter values are then extracted from the fits and are presented and discussed. Finally, a brief conclusion is given in Section 4.
INITIATION MECHANISMS
During holographic exposure our photopolymer material undergoes a set of photochemical processes. These processes mainly consist of initiation, propagation and termination. In this work we focus our attention entirely to the mechanisms involved in the photointiation process. Photoinitiation involves the production of free radicals by photon absorption by the photosensitizer. These free radicals are unpaired electrons on the outer shell of atom, which means that they are highly unstable and are therefore very likely to take part in photochemical reactions. These photochemical reactions are made up of two stages. 5 The first stage of these is the production of free radicals by homolytic dissociation of an initiator or catalyst species I to yield a pair of radicals R
where k d is the rate constant for the catalyst dissociation. Then the generation of radicals can be given by:
where R i is the rate of initiation; F is the number of radicals produced per photon absorbed; and I a (t) is the absorbed intensity. 6 The second stage is when the free radical joins to the first monomer molecule M, to produce the chain-initiation species
where k i is initiation rate constant. The initiator consists of a photosensitive dye and a reducing agent. The dye can become excited in the presence of a photon and when excited can accept an electron from the reducing agent, i.e. a tertiary amine (Triethanolamine, ED), and can then produce a free radical, R
• . When the dye molecule is exposed to the light of a suitable wavelength, it absorbs a photon of light and is promoted to a singlet excited state 1 Dye ∏ .
•
(2.4) The singlet-excited dye can return to the ground state by radiationless transfer to another molecule such as the electron donor, (ED):
(2.5) It can also revert back to the ground state Dye, by the emission of a photon by a process called fluorescence:
(2.6) The singlet state can also undergo inter-system crossing into the more stable and longer-lived triplet state 3 Dye (see the flow chart in Fig. 1 The dye molecules can also undergo a reaction whereby it abstracts two hydrogen molecules from the electron donor to form the transparent (leuco) 7 form of the dye. The actual production of free radicals takes place when the triplet state dye reacts with the electron donor. The electron donor donates an electron to the excited 'triplet state' of the dye leaving the dye with one unpaired electron and an overall negative charge:
(2.9)
The electron donor radical cation then loses a proton and becomes a free radical,
When the acrylamide monomer is present the free radical can undergo two different reactions. The first possible reaction is the initiation of the monomer radical
The second reaction the radical undergoing is dye bleaching. 
(2.12)
The rate at which this process occurs is k ρ, and the rate of removal of excited dye 5 can be expressed as:
where R ρ is the rate of removal of excited triplet state dye molecules by the dissolved oxygen in the material and 1 O 2 is the unreactive oxygen species. This process is called inhibition, which causes the reduction in the amount of available excited dye molecules, which therefore causes an overall reduction in the rate of polymerization.
Photopolymer material can be made sensitive to certain wavelength using a photosensitive dye. Let us consider a photopolymer material layer with thickness d (cm) and initial photosensitizer concentration A o (mol/cm 3 ), which is exposed by an incident intensity. The local rate equation of photosensitizer concentration changing with exposure time can be expressed as
where f is the quantum yield or quantum efficiency; A(t) is the photosensitizer concentration at t; k r (s -1 ) is the rate constant of recovery of exited dye molecules back to its ground state where is available for further photon absorption; And A b (t) is the amount of photosensitizer concentration which is been bleached at time t. Examining Eq. (2.14) we see that there are two limiting cases, which can describe the local rate equation. Letting t exp represent the exposure time the two cases are as follows:
, we assume that the recovery effect is negligible during exposure time. This gives,
(2.15)
The absorbed intensity I a (t) (Einstein/cm 2 s) is given by the Lambert-Beer Law: When the light is incident upon the photopolymer material layer, the intensity is broken down to three portions: lost through scatter and due to Fresnel T sf , absorbed I a (t), and transmitted I T (t). The relationship can be written as:
where I o is the incident intensity before taking account with the loss fraction. By re-arranging the above equation, the normalized transmittance is the ratio of transmitted intensity over the incident intensity: 9 I T (t)/I o which can be expressed as a function of time:
(2.20)
, the incident light is turned off, and as a result no new photons are absorbed by the photopolymer material layer, i.e. I a (t) = 0. This gives: In this section, we have described the photoinitiation mechanisms in detail using photochemical rate equations. A flow chart was presented in Fig. 1 ., which succinctly shows these processes in a clear and concise manner. Development of a set of local rate equations was presented which includes the mechanisms of photosensitizer recovery and bleaching. In the following section, we experimentally examine these mechanisms of recovery and bleaching, in order to quantify their post-exposure effects.
EXPERIMENTAL WORK
Based on the photoinitiation mechanisms presented in Section 2, it can be seen that there are three main parameters, 9 which determine the absorptive effects present in a photopolymer material. These parameters are: the quantum yield,φ , the molar-absorption coefficient, ε , and the loss fraction, T sf ,. In order to optimize the process of fabrication of holographic gratings, it is necessary to identify these parameters, as they control the temporal evolution of absorption effects and as a result the photo-polymerization mechanisms in grating formation. Therefore, to further understand the overall kinetic behaviour of a given photopolymer material, it is necessary to estimate these three parameters using fits to experimentally obtained transmittance curves.
To obtain estimates for these absorption parameters, an experiment was set up to measure the time varying transmittance for a normally incident plane wave 7 of wavelength, l = 532 nm. To remove the effects of diffusion of photosensitizer from outside the exposed regions, the area of illumination was made the same size as the material layer being exposed. The photopolymer material was prepared in the same manner as before, 1, 5 with an initial photosensitizer concentration, A o = 1.22×10 -6 mol/cm 3 . The transmitted intensity was monitored using a photo-detector and converted from mW/cm 2 to Einstein/cm 3 . Using a range of material layer thicknesses, for transmittance curves obtained with an exposure intensity of 5mW/cm 2 , the resulting estimations from nonlinear fits to this experimental data are presented in Table 1 . As can be seen from Table 1 the parameters obtained for the different thicknesses tend to converge well and a mean value for each is displayed. To further determine the convergence of these parameters the experiments were repeated using different exposure intensities for a constant material layer thickness of d = 120µm. The fits to these experimental results are experimental results are presented in Table 2 : As can be seen, good agreement between the two tables verifies the reproducibility of the results. Mean values with small variances are available for later work. In Fig. 2(a) , an average transmittance curve for a layer thickness of d =100 µm under I o = 4 mW/cm 2 during 75 seconds exposure time. The resulting experimental obtained data was non-linear fitted using Eq. (2.20). And the corresponding time evolution of the photosensitizer concentration Eq. (2.17) is also plotted below in Fig. 2(b) .
The transmittances in Case 1, 2 and 3, where T sf /4, T sf /2 and 3T sf /4 occurred have instant photosensitizer concentrations, A(t 1 ), A(t 2 ) and A(t 3 ), which will all be used later in the following sub sections. We can see that the longer the exposure the greater the intensity gets transmitted, and the less intensity gets absorbed. Therefore the photosensitizer concentration must decay in an exponential manner. However, it is important to notice that recovery and bleaching processes are taking places simultaneously with certain rates that are discussed in the next section. 
Recovery Process
Extending the work form previous section on the relationship between the time evolutions of the transmittance characteristics and the photosensitizer concentration, the recovery process can be numerically analyzed.
When photosensitive dye molecules are illuminated, absorption and exited states of dye are formed. These excited states either converted to radicals or return to the unexcited ground state by relaxation and fluorescence quenching processes, i.e., reactions such as: combination, oxidation and reductions of the radicals. Therefore a certain amount of the photosensitive dye recovers. In this section, in order to examine the absorption recovery an experiment was carried out by applying discrete timed exposures of normal incident intensity (4 mW/cm 2 ) to the photopolymer material layer of thickness 160µm. The basic idea is to measure the transmitted light until 25% (T sf /4), 50% (T sf /2), and 75% (3T sf /4) saturation takes places, and then to turn off the laser source for relatively longer times t OFF than the exposure times. The laser is then turned on again at t II , and the transmittance is monitored until 100% saturation. Recovery can then be determined by the change in the transmittance DT between t II -t I = t OFF , see Fig. 3 . Due to the large time scale, the generated experimental plots of the transmittance can most easily be shown using schematic drawing in Fig. 3:   Fig. 3 . Representation of normalized transmittance curves obtained experimentally for estimation of recovery mechanisim of active photosensitizer.
The recovery process was numerically analyzed by combining Eqs. (2.17) and (2.20). Concentration can be calculated at the particular times where Fig. 3 we see that T(t I ) is the transmittance when the exposure stops. The drop in transmittance due to the increase of the concentration at t II , which verifies the absorption recovery mechanisim. Then we have the amount of recovery during post exposure period, i.e., t OFF : Thus the photosensitizer concentration that the dye recovers to after some t OFF, can be alternatively expressed as:
A r (t OFF ) = A(t II ) = A(t III ) = A(t I )+ DA r . (3.4) To find the value of the rate recovery constant k r (s -1 ), for different initial exposure times, a range of values of t OFF were examined experimentally providing a range of values of DA r and A r (t OFF ), which are presented in Fig. 4 . As can be seen in Fig. 4 , A r (t OFF ) behaves as an exponentially increasing function. Therefore, to non-linear fit the data using an exponential function approximating A r (t OFF ): (3.5 ) to experimental data points of A r (t OFF ), where A(t exp ) is the photosensitizer concentration at the initial exposure time and DA rmax corresponds to the situation in which the maximum amount of dye which can recover after some particular initial exposure time. From the fits to the data, the rate constant of recovery k r appearing in the fit function Eq. (3.5) can be determined. The extracted values are presented in Table 3 . For consistency, the values of t exp and T(t) from Case1 to Case 3 were exactly the same as those used in Fig. 2 .
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These results show that recovery occurs appreciably over long times, and the longer the photosensitive dye is initially exposed, the more dye molecules get excited, and therefore the more exited photosensitive dye molecules are available and can recover during the post exposure period, i.e., ∆A rmax1 < ∆A rmax2 < ∆A rmax3 . Furthermore we note that the estimated values of k r extracted tend to be constant. 
Bleaching Process
The physical description of the bleaching process has been extended based on the study of recovery process presented in Section. 3.1. As discussed, the bleaching process occurs when photosensitive dye starts absorbing photons. And the amount which is bleached is dependent on the exposure time until the dye it is fully bleached. In reality, 100% recovery can not be achieved due to the bleaching process which means that a certain amount of photosensitive dye will never be able to return to its ground state following exposure. Thus, in the cases of the initial exposure times previously examined, we can predict that as t OFF approaches infinity, and once the recovery process is complete, the photosensitizer concentration will not recover to its initial value A o , this behaviour is illustrated graphically in Fig. 5 .: Fig.5 . Schematic representation of combining photosensitizer concentration (decaying curve) and recovery for t OFF Ø ¶ with different initial exposure times: t exp1 = 5s (solid), t exp2 = 10s (long dashed) and t exp3 = 20s (short dashed).
It is obvious that the photosensitizer concentrations after recovery: A(t 1 Ø ¶) , A(t 2 Ø ¶) and A(t 3 Ø ¶), differ from its initial value A o . Moreover, by referring to A(t) (i.e., decaying curve) schematically in Fig. 5 ., we can easily see that the longer the photosensitive dye is exposed, the more of it is bleached and the less able the dye is to recover to A o . Hence can estimate the amount bleached by taking the difference between the two values:
To justify our prediction, for a larger range of exposure times, experiments were carried out in which we chose to treat t OFF =12 (hours) as being effectively tØ ¶. 3 cases were chosen for the purpose of comparison and verification. The results obtained are presented in Table. 
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Each case corresponds to the index appearing in Fig. 6 . As can be seen from figures and table above, there is good agreement between the theoretical predications and the experimental results. In addition, the rate constant of bleaching, k b can also be determined by fitting to the experimentally obtained data points of A b (t) as shown in Fig.6 : The best fit found using an exponential function to represent the time evolution of the bleaching process is:
The value of bleaching rate constant extracted is: k b = 0.118 (s -1 ).
We define A bmax to be the maximum amount of the dye which can be bleached for a particular initial exposure time when t OFF Ø ¶. However, the behaviour of bleaching has not been conclusively determined due to the limited experimental data set. As can be seen from Fig. 6 , A b (t) is still exponentially increasing for some longer exposure times, therefore, 100% bleaching of A o is theoretically possible to achieve if recovery effect is eliminated by exposing for a long time. (e.g., twice or thrice the exposure time the duration by which transmittance saturate.). Future work need to be carried out to more exactly quantify the bleaching rate, in order to fully determine the rate equation, Eq. (2.14).
A b (t) (mol/cm 3 )
Time (s)
A o
CONCLUSIONS
Starting with a detailed description of the photoinitiation mechanisms taking place in a PVA/AA based photopolymer material. We have further developed the local rate equation, to include the effects of the recovery process and the bleaching process arising during photosensitive dye absorption. Including these effects has increased our ability to predict the time evolution of grating formation during exposure.
It was previously showed that the main process responsible for consuming photosensitizer concentration was photosensitive dye absorption. In this paper, an expression for the change in the absorbed intensity during exposure is presented and the key material parameters controlling the absorption characteristics are estimated. Experiments have been carried out to find the rate constants of the recovery process and the bleaching process separately during post-exposure periods. The results obtained have been shown to tend to converge well. Good agreement between our theoretical prediction and physical model is indicated by the quality of the resulting fits to experimental data. Future work is required to more exactly describe the behaviours, experiments involving longer exposure times, in order to further validate and improve this model by combining these effects of the recovery and bleaching processes.
